A systematic study of the radiative proton capture reaction for all stable nickel isotopes is presented. The results were obtained using 2.0 -6.0 MeV protons from the 11 MV tandem Van de Graaff accelerator at the University of Notre Dame. The γ rays were detected by the NSCL SuN detector utilising the γ summing technique. The results are compared to a compilation of earlier measurements and discrepancies between the previous data are resolved. The experimental results are also compared to the theoretical predictions obtained using the NON-SMOKER and SMARAGD codes. Based on these comparisons an improved set of astrophysical reaction rates is proposed for the (p,γ) reactions on the stable nickel isotopes as well as for the 56 Ni(p,γ) 57 Cu reaction.
I. INTRODUCTION
During the past several decades great progress has been made in understanding nucleosynthesis. Many open questions remain nevertheless, such as the production mechanism of nuclei on the proton rich side of the valley of stability. In particular, there are proton-rich isotopes, the so-called p nuclei, that cannot be produced by neutron capture processes, as they are shielded from β decay by the valley of stability [1] . A number of processes and sites have been suggested for the production of these nuclides but each has its own problems [2] . The currently favored production process, photodisintegrations in the O/Ne layers of massive stars during their supernova explosion is the so-called γ process. This process reproduces the bulk of the p nuclei with the exception of the lightest ones, with mass numbers A < 100 [3, 4] . Some deficiences have also been found in the region 150 ≤ A ≤ 165 [5, 6] . Different seed abundances, not encountered in massive stars, may allow a γ process to also produce light p nuclides. Thermonuclear explosions of mass accreting White Dwarfs (the single degenerate model for type Ia supernovae) have been suggested as alternative sites but initially no light p-nucleus production could be achieved [7] [8] [9] [10] . Recent simulations, however, found that light p nuclei are produced in sufficient amounts, due to improved hydrodynamic resolution of the nuclear burning zones [11] .
The original work by [12] suggested to produce protonrich nuclides in a true p process, i. e., by proton captures in the H-rich envelope of type II supernovae. This was later shown to be unfeasible [13] . Recently, however, another process was found in the deepest, still ejected layers of a core-collapse supernova, the νp process [14] [15] [16] , which involves rapid proton captures on nuclei at and above Ni. It occurs in explosive environments when proton-rich matter is ejected under the influence of strong neutrino fluxes. When matter in these ejecta expands and cools, nuclear statistical equilibrium mainly comprised of 4 He, protons and 56 Ni is achieved at temperatures slightly above 4 GK. Rapid proton captures can ensue below about 3.5 GK. Within isotonic chains, (p,γ)-(γ,p) equilibrium is established and the nuclei with the lowest capture Q values become waiting points where the matter flow through (p,γ) is halted [17] . Such nuclei typically also show long β decay lifetimes, significantly longer than the expansion timescale. Without the presence of neutrinos, the matter flow would stop already at 64 Ge [18] . However, during the explosion the matter is exposed to a large neutrino and antineutrino flux [19, 20] . Due to the high proton abundance, antineutrino captures on free protons can produce free neutrons which allow to bypass the waiting points by (n,p) reactions [18, 21, 22] . The path of the νp process is thus defined by the balance between the proton captures and their inverse reactions [17, 23] . Its extension to heavier nuclei depends on the processing speed which is given by the (n,p) reaction rates which, in turn, depend on the neutron abundance generated by the antineutrinos, and the (n,p) reactivities. Accordingly, variation studies have found a strong dependence on uncertainties in (n,p) rates but smaller dependence on (p,γ) rates because the latter are in equilibrium most of the processing time [21] [22] [23] . Nevertheless, there is a change in the final abundances when varying the proton captures rates because these fall out of equilibrium at the lower end of the 1.5 ≤ T ≤ 3.5 GK temperature range, within which νp processing occurs [18, [21] [22] [23] .
All the rates used in astrophysical νp process simulations are based on theoretical predictions. It is therefore important to find methods based on experimental data to constrain these rates. The initial part of the νp-process path follows the N = Z line [17, 21] . It is closest to stability at the Ni isotopes. The goal of this work was to perform a systematic study of the cross sections for (p,γ) reactions on all stable nickel isotopes, to test the models used for the rate predictions and to provide improved reactivities to be used in the astrophysical simulations. Earlier measurements exist for the discussed isotopes. However, several cases show significant disagreements (up to a factor of five difference in cross section). The current measurements also aimed at resolving those discrepancies.
For each of the targets, the same experimental technique was applied and the same experimental setup was used, to eliminate any uncertainties arising from application of varying detection techniques. All of the results were obtained using the γ-summing technique. All the data from previous measurements were retrieved from the EXFOR database [24] . The experimental details are presented in Sec. II. New and old data are compared to standard NON-SMOKER [25] calculations as well as to the predictions of the new code SMARAGD v0.9.0s [26] in Sec. III. Based on these results, improved reaction rates for 56 Ni(p,γ) 57 Cu are suggested in Sec. V.
II. EXPERIMENTAL DETAILS
The series of experiments described here was performed using the 11 MV FN tandem Van de Graaff accelerator at the University of Notre Dame. The targets were irradiated with proton beam in the energy range 2.0 -6.0 MeV in 0.2 MeV (0.5 MeV in the case of 62 Ni) steps. The measured energy range was chosen to overlap with the previous measurements and when possible extended to cover as much of the Gamow window as possible. The beam intensity was monitored using a Faraday cup.
The thickness of the nickel targets was measured us- Table I . Apart from 64 Ni, where the enrichment was 40(5)%, all the targets were 95(5)% enriched.
The γ rays emitted during the irradiation were detected by the NaI(Tl) segmented summing detector, SuN [27] . SuN was developed at the National Superconducting Cyclotron Laboratory, Michigan State University for capture reaction measurements utilizing the γ-summing technique. The γ rays from the decay cascade of the entry state populated during the reaction were summed within the detector. Thus the final spectra were comprised predominantly of the sum peak at the γ energy E Σ = E c.m. + Q, where E c.m. is the total kinetic energy in the center of mass system and Q is the reaction Q value. The data was recorded using the NSCL Digital Data Acquisition System (DDAS). The data analysis followed the procedure described in detail in [27] . For a given beam energy, the sum peak was fitted with a Gaussian combined with a linear background. After subtraction of the background fit, the sum peak was integrated within the region of (E Σ −3σ,E Σ +3σ), where σ is the standard deviation from the Gaussian fit, to obtain the total number of events. The hit pattern centroid for the events within the same range was used to determine the summing efficiency.
Sample γ spectra obtained for each of the nickel targets are shown in Fig. 1 . As can be seen in Fig. 1 , for each reaction the sum peak is clearly observed at the higher energy range of the spectrum. It can be observed in Figs  1(a)-(d) , that for a given beam energy, the position of the sum peak changes from target to target reflecting different reaction Q values for various isotopes. The lower energy range (E < 4.0 MeV) of the spectrum is dominated by the room background (not shown here). The main background contribution at higher energies comes from the cosmic rays. In two cases ( 64 Ni and 58 Ni), fluorine contamination in the target resulted in a peak at 6.92 and 7.12 MeV from the 19 F(p,αγ) 16 O reaction. This contamination limited the energy range accessible for the measurements with the 58 Ni target, as for the beam energy below 4.4 MeV the sum-peak energy (E Σ = E c.m. + Q) would overlap with the contamination lines. Additionally, in Fig. 1(a) a peak at 7.2 MeV is present that can be related to the neutrons from the (p,n) reaction in the target.
During the analysis, contributions from other isotopes were also considered. In particular, for the lightest nickel isotopes the (p,γ) reaction cross section is an order of magnitude lower than for heavier isotopes, thus even a small concentration of the heavier isotopes could result in a non-negligible sum peak. However, no such contributions were found.
The (p,γ) reaction cross sections of all stable nickel isotopes obtained in this work are listed in Table II . The uncertainty of the cross section values includes the sta- tistical uncertainty as well as the uncertainty resulting from subtraction of the background under the sum peak. The uncertainty in the target thickness of 5% was also included, as well as the uncertainty of the summing efficiency obtained using the method described in [27] (typically of the order of 10% relative uncertainty).
III. THEORETICAL ANALYSIS -GENERAL CONSIDERATIONS
The studied reactions proceed via resonant compound formation, either through isolated resonances or a high number of overlapping ones, and thus depend on particle and radiation widths. From the comparisons of the experimental results with the theoretical predictions it will become evident that each case has to be analyzed separately because the dependence of the cross sections on the various widths is different for each case. A simple comparison of data and predictions without considering these dependencies will be misleading and may not be able to identify the underlying deficiency trends and thus also the impact on the astrophysical reaction rates cor- 65 Cu to variations of γ and particle widths.
rectly. At temperatures relevant for the νp process the reaction rates mainly depend on the proton widths. The reaction rate sensitivity on the γ width increases with decreasing neutron number of the compound nucleus as its proton separation energy S p is decreasing. Therefore the knowledge of the optical proton+nucleus potential, required for the calculation of the proton width, is essential to constrain the rate in all cases. All sensitivities and their definition can be found in [28] . Figures 2-6 show the cross section sensitivities required in the analyses of the present work. All cross sections are insensitive to variations of α-widths in the shown energy range. The data are compared to calculations within the statistical Hauser-Feshbach model [29] . This model assumes that a large number of resonances is present at the compound formation energy and that their individual widths can be replaced by average widths. Required is a "sufficiently" high nuclear level density (NLD) at the compound formation energy E c = S p + E c.m. [30] [31] [32] . Except for 61 Cu and 59 Cu, all NLDs are large enough at E c to apply the statistical model. The NLD is clearly too low in 58 Ni(p,γ) 59 Cu, and 60 Ni(p,γ) 61 Cu seems to be at the borderline. Even when the model is not applicable, i.e., when resonance structures show up in the excitation functions, the statistical model should still be able to give an average value for the cross sections. If several resonances are contributing, this average value may be sufficient for the computation of the reaction rate which involves an integration over the cross sections.
Finally, it has to be considered whether stellar rates can directly be inferred from the data or whether additional theory has to be invoked. This depends on the contribution of reactions commencing on thermally populated, excited states of the target nuclei in the stellar plasma. A ground state (g.s.) contribution, i.e., the contribution of the laboratory cross section to the stellar one, of X 0 ≃ 1 is required to ensure that excited states do not contribute [33] [34] [35] . This is fulfilled for all investigated reactions, except for 61 Ni(p,γ) 62 Cu which shows 63 Cu to variations of γ and particle widths. 62 Cu to variations of γ and particle widths. 61 Cu to variations of γ and particle widths. 59 Cu to variations of γ and particle widths.
X 0 = 0.52 at 1.5 GK [28] .
In the following, the reactions are discussed one by one, starting with 64 Ni(p,γ) 65 Cu and going towards the more neutron-deficient target nuclei. The cross section predictions and width variation studies were performed with the code SMARAGD, version 0.9.0s [26, 32] . Additionally, comparisons to the standard NON-SMOKER cross sections and reaction rates [25, 36] are shown. The standard optical proton potential used in those calculations is from [37] , which is a low-energy modification of the potential by [39] and was provided especially for astrophysical applications. The potential of [39] uses the Brückner-Hartree-Fock approximation with Reid's hard core nucleon-nucleon interaction and adopts a local density approximation. Reparameterizations of [39] using more recent data are [40] and its Lane-consistent version [41] . They do not, however, adopt special considerations for low proton energies.
Another modification of [37] , using an increased imaginary part, was developed for an improved description of low-energy (p,γ) and (p,n) reactions on intermediate nuclei [32, [42] [43] [44] . The present data and calculations are not sufficient to distinguish between the two versions with and without the modified imaginary part. Due to the uncertainties in the description of the widths, similar results can be obtained using either potential. Therefore only calculations using [37] are shown here.
IV. RESULTS

A.
64 Ni(p,γ) 65 Cu
The new results agree well with the previous measurement by [47] . As shown in Fig. 2 , the reaction cross sections are sensitive to all widths above the (p,n) threshold (2.495 MeV) while they quickly become only dependent on the proton width when going to lower energies. A comparison with predictions using various op- 
65 Cu to predictions: NON-SMOKER [25, 36] (using the potential of [37] ) and SMARAGD with the potentials of [37] (Lej), [41] (Bauge), and [40] (Bauge2). The data are from this work and from [47] (Sevior).
tical proton+nucleus potentials (and with the standard NON-SMOKER prediction) is shown in Fig. 7 . The SMARAGD calculation with the potential by [37] reproduces the data at the lower edge of the energy range in which measurements are available but diverges when going to higher energy. Our new data allow a detailed study of the cause of this divergence because they extend to higher energy.
A rescaling of the proton width cannot lead to an improvement in the predictions as it would affect the cross sections at all energies. Since the neutron width only impacts the cross sections above the (p,n) threshold and the deviations also occur below it, the only possibility is a change in the γ width. Figure 8 shows how a calculation with the standard potential by [37] but a γ width divided by 4 reproduces the data well across the full measured energy range.
The γ width, in turn, has three dependencies: on the low-lying discrete excited states of the compound nucleus included in the calculation, on the NLD above the last included excited state, and on the γ-strength function. Thanks to the new data it is possible to distinguish between the three possibilities. The major contribution to the γ width comes from γ transitions leading to states about 2 -4 MeV below the compound formation energy [45] . Since the proton separation energy in 65 Cu is larger than these γ energies, the low-lying, discrete states only play a minor role in this case. A variation of the NLD yields different changes in the dependence than varying the γ width in total, as shown in Fig. 8 . Therefore the deficiency in the predicted γ width stems from the strength function used, i.e., the GDR description. This is inconsequential for the astrophysical rate, as it is only sensitive to the proton width.
Within the measured energy range, the experimental data is well reproduced by the SMARAGD calculations with the renormalized γ width but unchanged proton width. Adopting this prediction also in the astrophysically relevant energy range of 0.96 -2.52 MeV [46] leads to a higher rate than the one of the standard NON-SMOKER prediction. The new reactivity is given in Table III. The parameters of a fit in the REACLIB format are given in Table IV . The reactivities across a wider temperature range are provided as this is necessary for using the table directly in nucleosynthesis reaction networks. It also enables users to make their own fit, if they so desire. The data only constrain the rates above 5 GK but this is of no consequence for reaction networks, as above 5 GK all rates are in equilibrium and rate values only have to be provided to avoid divisions by zero.
B.
62 Ni(p,γ) 63 Cu
The cross section sensitivities of 62 Ni(p,γ) 63 Cu are quite similar to those of 64 Ni(p,γ) 65 Cu but the sensitivity to the γ width is more slowly declining towards lower energies. Contrary to the situation with 64 Ni(p,γ) 65 Cu, the SMARAGD calculation using the standard proton potential by [37] is in good agreement with the data across the measured energy range. The new data obtained within this work confirm the previous measurements [48] , as can be seen in Fig. 9 . At the high energy end, there is a slightly larger deviation between theory and data but it is only 10 -20% which is within the expected range of accuracy of a global prediction. Again, there is good agreement at the lower end of the measured range, where the proton width is determining the cross section.
The stellar reactivity of the standard SMARAGD prediction is given in Table III and the fit parameters are  listed in Table IV . 
C.
61 Ni(p,γ) 62 Cu
With decreasing neutron number, the cross sections above the (p,n) threshold depend less on the neutronand proton-widths and primarily depend on the γ width. Below the threshold, its importance decreases again and the proton width determines the cross sections in the astrophysical energy range. This is also the case for 61 Ni. Figure 10 shows the comparison of various predictions to the data, similar as in the previous sections. Two data sets from [49, 50] for 61 Ni(p,γ) 62 Cu reaction cross section were found in the literature, and a significant discrepancy between these data exists. Good agreement between the current work and the results from [50] was found. The SMARAGD calculation using the standard potential by [37] describes the data of [49] well. The data of [50] and those obtained within this work can be reproduced by reducing the γ width by a factor of 0.3, see Fig. 11 . Contrary to the 64 Ni(p,γ) 65 Cu case, however, it is impossible 3.260 × 10 [36] ) for the reactivity of (p,γ) and its reverse reaction for all stable nickel isotopes. The reverse value has to be multiplied by the ratio of the partition functions to obtain the (γ,p) reactivity. to decide the reason for the reduction. As shown in Fig.  11 , the variation in the NLD leads to indistinguishable results from the variation of the full γ width. A simple rescaling of the γ strength would lead to the same result. The comparison of the SMARAGD prediction is compatible with an unchanged proton width and therefore we can assume that the astrophysical reactivity is also predicted well. It is given in Table III and the REACLIB  fit coefficients are in Table IV .
D.
60 Ni(p,γ) 61 Cu
The proton separation energy in 61 Cu is only 4.801 MeV whereas the neutron separation energy is 11.711 MeV. The data compared to predictions in Fig.  12 do not reach the (p,n) threshold and also only barely reach the region where the proton width is dominating at low energy. The reaction rate would be equally sensitive to proton and γ width at the high temperature of 62 Cu to predictions using a γ width multiplied by a factor of 0.3 (0.3γ) and NLDs multiplied by the same factor (0.3NLD). The data are from this work and from [49] (Krivo77), [50] (Tingwell88). 3.5 GK but rapidly becomes sensitive to only the proton width towards lower temperature, including the νp process freeze-out temperature of 1.5 GK.
In the case of the 60 Ni(p,γ) 61 Cu reaction, the two data sets [48, 49] found in literature do not agree with each other. The results of this work, as can be seen in Fig. 12 , are in a good agreement with those of [48] and extend to higher energies, allowing to better constrain the energy dependence. The SMARAGD calculation is close to the new data at the upper end of the measured range but is closer to the result of [49] otherwise.
It proved difficult to obtain the energy dependence of the combined data of our measurement and the one by [48] . It is only possible by using a scaled NLD without including experimentally known excited states in the compound nucleus. Figure 13 shows the theoretical results using a NLD reduced by a factor of 5, with and without including discrete excited states. With discrete excited states, the renormalization of the NLD only affects the γ width at higher energy, thus leading to a better reproduction of the data at higher energy but leaving the discrepancy at lower energy. A slightly better energy dependence can be obtained when applying a factor of 0.3 to the γ width and leaving the NLD unchanged.
This raises the question of the completeness of the experimental level scheme. Discrete excited states were taken from the 2010 versions of [51, 52] , up to an energy of 3.943 MeV. It is a well-known problem in HauserFeshbach calculations that it is advantageous, on one hand, to include low-lying excited states but, on the other hand, the included level information has to be complete to guarantee accurate predictions. It is often hard to decide at which excitation energy a cutoff should be made, especially in global calculations, in which the cutoff has to be implemented through some automated algorithm. The difficulty reproducing the energy dependence of the measured cross sections encountered here points to such a problem. For another recent case and further discussion, see [53] .
The data do not extend very much into the energy region where the proton width dominates the energy dependence. Similar to the other proton capture reactions discussed above, it seems that the proton width is well described by the optical potential of [37] . Therefore, the reactivities and their fit coefficients, shown in Tables III  and IV , respectively, are based on the SMARAGD calculation using this proton potential and the renormalized γ width without inclusion of discrete excited states (shown as solid line in Fig. 13 ). Cu to predictions using excited states in the compound nucleus up to above the proton separation energy (SMARAGD), the same but with the γ width reduced by a factor of 0.3 (0.3γ), and a calculation using a limited set of excited states and a reduced γ width (0.3γ,low exc. stat.). See text for details. Data are from this work and [49] (Krivo77), [54] (Tingwell85), [55] (Cheng) .
E.
58 Ni(p,γ) 59 Cu
The NLD at compound formation energy is clearly too low for this reaction to expect that all features of the cross sections can be described by an average over resonances. Moreover, we encounter a similar problem as for 60 Ni(p,γ) 61 Cu regarding the completeness of the included discrete level scheme of 59 Cu. The proton separation energy in 59 Cu is S p = 3.419 MeV. The calculations of NON-SMOKER and SMARAGD, shown in Fig. 14 , made use of 19 levels (E max = 3.1141 MeV [25] ) and of 29 levels (E max = 4.307 MeV) above the g.s., respectively. The levels included below S p are very similar, despite of the fact that SMARAGD is using a more recent version of [51, 52] . Both codes yield almost the same results, with a very similar energy dependence which is different from the experimentally found one.
Similar to the 60 Ni case discussed above, better agreement between calculation and experiment can be achieved by including fewer excited states in the calculation. Figure 15 shows how a combination of a γ width reduced by a factor of 0.3 and a limitation of the level set to excitation energies E exc ≤ 2.391 MeV (the J π = 9 − level) reproduces the mean data over a wide range of energies. Considering only the g.s. and neglecting all excited states gives the same result, indicating that the NLD is predicted well in this confined energy range. Using the same γ width renormalization with the full level scheme results in a too low cross section at higher energies, indicating the incompleteness of the level scheme. The data by [49, 54, 55] and from this work agree with each other well although the cross section variation structures seem to be different. It has to be realized, however, that no high-resolution experiment was performed, able to resolve the (partially overlapping) individual resonances expected for this reaction. Depending on the exact beam energy and beam profile, different parts of the same resonances are sampled, leading to seemingly different patterns. Therefore, the larger scatter seen in the data by [55] may well be compatible with the other data. As mentioned in Sec. III, a statistical Hauser-Feshbach calculation can only aim to reproduce the average cross sections, which seems to be successfully done by the renormalized calculation shown in Fig.  15 . For the same reason, however, it may be misleading to use the experimental data points to compute a reaction rate. They do not fully resolve the resonances and a simple interpolation will lead to incorrect results. Using the theoretical, already averaged values will yield a more realistic rate, when lacking further knowledge of the resonance properties. Therefore, the reactivities provided in Table III are based on the calculation using the renormalized γ width and the limited set of excited states (shown as solid line in Fig. 15 ). The REACLIB fit coefficients for these reactivities are given in Table IV .
One has to be careful in drawing conclusions for the stellar 56 Ni(p,γ) 57 Cu rate from the above trends. It is not clear to what extent the conclusions can be applied to the doubly magic nucleus with a very low proton separation energy of 0.695 MeV. Its reactivity depends on both the proton and γ widths down to 1 GK, as shown in Fig. 16 . Due to the low Q value, however, it will equilibrate with its reverse rate already at lower temperature than most other proton captures in the νp-process path.
In the discussion above it was found that the proton widths were predicted well in all cases. A renormalization of the γ widths by a factor of 0. 57 Cu reactivity can come from a SMARAGD calculation using the proton potential by [37] , a renormalized γ width, and no discrete excited states. It has to be emphasized once again that such a calculation can only yield an average value for the cross sections which will only be a good approximation for obtaining the reactivity if, folded with a Maxwell-Boltzmann distribution, they yield a similar value as the actual resonance contributions. This will not be the case if only few, widely separated resonances contribute to the reaction rate integral [38] . Table V gives the reactivity values obtained with the above procedure for the 56 Ni(p,γ) 57 Cu reaction and the REACLIB fit parameters are provided in Table VI . The ratio of the new rate to the previously widely used standard NON-SMOKER rate is shown in Fig. 17 . In the relevant temperature range, the new rate is lower than the previous standard rate by a factor of about 0.37. However, the new reaction rate has a negligible impact on the final abundances predicted by the νp process calculations due to the aforementioned equilibrium between the (p,γ) and (γ,p) reactions.
VI. SUMMARY AND CONCLUSIONS
In summary, the cross sections of the (p,γ) reaction for all stable nickel isotopes have been measured. The results were compared with previous data found in literature. For 64,62,58 Ni a good agreement with previous results was found. For 61,60 Ni, the new results confirmed those of [48, 50] and disagree with the values of [49] . All the results were compared with the standard NON-SMOKER calculations and with new predictions of the SMARAGD code. New reaction rates were proposed for all the reactions studied in the present work. In addition, a new estimate of the 56 Ni(p,γ) 57 Cu rate was derived based on the comparisons of predictions and data [36] ) for the reactivity of 56 Ni(p,γ) 57 Cu and its reverse reaction. The reverse value has to be multiplied by the ratio of the partition functions to obtain the (γ,p) reactivity. for other proton-rich Ni isotopes. The new rate is lower by a factor of about 0.37 than the previously used standard rate, but the change has no significant influence on the νp process calculations. A generalization to all proton captures in the νp process (or other nucleosynthesis processes), however, cannot be made as the deviations between experiment and theory are specific to the nuclides investigated here.
